Amyloid b (Ab) peptide plays a major role in Alzheimer's disease (AD) and occurs in multiple forms, including pyroglutamylated Ab (AbpE). Identification and characterization of the most cytotoxic Ab species is necessary for advancement in AD diagnostics and therapeutics. While in brain tissue multiple Ab species act in combination, structure/toxicity studies and immunotherapy trials have been focused on individual forms of Ab. As a result, the molecular composition and the structural features of "toxic Ab oligomers" have remained unresolved. Here, we have used a novel approach, hydration from gas phase coupled with isotope-edited Fourier transform infrared (FTIR) spectroscopy, to identify the prefibrillar assemblies formed by Ab and AbpE and to resolve the structures of both peptides in combination. The peptides form unusual b-sheet oligomers stabilized by intramolecular H-bonding as opposed to intermolecular Hbonding in the fibrils. Time-dependent morphological changes in peptide assemblies have been visualized by atomic force microscopy. Ab/AbpE hetero-oligomers exert unsurpassed cytotoxic effect on PC12 cells as compared to oligomers of individual peptides or fibrils. These findings lead to a novel concept that Ab/AbpE hetero-oligomers, not just Ab or AbpE oligomers, constitute the main neurotoxic conformation. The hetero-oligomers thus present a new biomarker that may be targeted for development of more efficient diagnostic and immunotherapeutic strategies to combat AD.
Introduction
Alzheimer's disease (AD) causes neuronal dysfunction, brain atrophy, dementia, and death, and is accompanied by aberrant extracellular deposition of amyloid b (Ab) peptide [1, 2] . The latter has led to the amyloid cascade hypothesis, postulating direct, causative involvement of Ab fibrils in AD [3] . Over the years, Abbreviations AD, Alzheimer's disease; AFM, atomic force microscopy; APP, amyloid precursor protein; Ab, amyloid b; AbpE, pyroglutamylated Ab; CD, circular dichroism; FTIR, Fourier transform infrared; HFIP, hexafluoroisopropanol; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; PBS, phosphate-buffered saline; TDC, transition dipole coupling; TFA, trifluoroacetic acid.
evidence has mounted identifying the soluble oligomeric forms of Ab as the main cytotoxic species [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Ab is derived from the amyloid precursor protein (APP), involving its transmembrane a-helical segment, and occurs in varying forms [13] . The most prevalent forms are the 40 and 42 amino acids long Ab molecules, i.e., Ab and Ab [10] . N-terminally truncated and pyroglutamylated (at Glu 3 or Glu 11 ) Ab peptides (AbpE) have been identified in AD brains at significant quantities, reaching 50% of total Ab [14] [15] [16] [17] , and are highly cytotoxic [18] [19] [20] [21] . The toxicity depends on the aggregation state and the structure of Ab. Dimers to dodecamers have been shown to possess highest toxicity, while monomers and larger aggregates are mildly toxic or nontoxic [7, 8, 11, [22] [23] [24] [25] [26] [27] . In addition to their neurotoxic effects, recent studies have identified antimicrobial properties of Ab assemblies [28] .
NMR data on various APP fragments showed a mostly a-helical structure for the Ab sequence [29, 30] . On the other hand, fibrils that form the characteristic extracellular plaques assume parallel, in-register intermolecular b-sheets known as cross-b structure [31, 32] . Certain intermediate assemblies between the freshly cleaved, a-helical and aggregated, cross-b fibrils exert the cytotoxic effect, and the identification and characterization of these transient structures remains a daunting problem. Solid-state NMR studies showed that Ab 1-42 oligomers, unlike fibrils, do not form inregister parallel b-sheets [33] . The prefibrillar assemblies displayed either antiparallel b-structures or mixed parallel/antiparallel b-sheets and a-helical structure [8, 9, 34, 35] . Cytotoxicity correlated with the combined fraction of (a-helix + b-sheet), which increased from monomers to tetramers [8, 9] . Copper-and hydrogen peroxide-induced cross-linking of Ab and Ab stabilized oligomers and augmented their membrane disrupting potency [36] . Molecular dynamics simulations predicted transient structures of Ab peptides of various lengths, including a-helix, b-sheet, b-bridge, 3 10 -helix, and p-helix [37, 38] . FTIR studies showed formation of antiparallel b-sheets by Ab 1-42 oligomers and parallel b-sheets by the fibrils [39] .
The structure and cytotoxicity of AbpE have been studied less extensively. AbpE was shown to have a higher tendency toward formation of b-sheet aggregates, possibly promoting aggregation of Ab by a seeding mechanism [21, [40] [41] [42] [43] and to be hypertoxic to neuronal cells [18] [19] [20] [21] . Ab pE3-40 in trifluoroethanol/water environment had an increased tendency toward bsheet formation and fibrillization compared to Ab [44, 45] , as well as higher susceptibility to mechanical stress and fragmentation of the fibrils [46] . These reports have been challenged by other studies, arguing that AbpE assemblies have similar content of b-sheet structure, are more resistant to fibrillogenesis [47] [48] [49] [50] , and exert cytotoxic effect similar to that of unmodified Ab [47, 50, 51] .
Irrespective of the individual structural and cytotoxicity properties of Ab and AbpE, it is important to analyze the behaviors of these peptides in combination because in brain tissue they act together. Currently, Ab and Ab are the major biomarkers targeted by AD immunotherapy trials, which have led to serious side effects such as meningoencephalitis, vasogenic edema, and brain microhemorrhages [52] [53] [54] . Recently, a monoclonal antibody against Ab pE3-42 has been identified as a promising passive immunotherapy agent in mice [53] . However, the structure and cytotoxicity of combined Ab species have been overlooked despite their biological significance. Further efforts toward identification and characterization of novel AD biomarkers, such as hypertoxic Ab/AbpE co-aggregates, will likely lead to better, clinically acceptable AD immunotherapies.
Analysis of the prefibrillar oligomers of Ab is challenging because of their conformationally unstable and transient nature. In this work, we have analyzed the structural features and cytotoxicities of Ab and AbpE oligomeric assemblies separately and when combined together. Slow hydration from gas phase allowed us to capture the intermediate oligomeric assemblies, and isotope-edited FTIR resolved the structures of both peptides in mixed samples. The data indicate that Ab/AbpE hetero-oligomers, unlike fibrils, form unique b-sheet structure stabilized by intramolecular H-bonding. Moreover, cell-based studies show that the hetero-oligomers exert significantly stronger cytotoxic effect on PC12 cells as compared to oligomers of individual peptides or fibrils. These findings support a novel concept that (a) while Ab and AbpE undergo fibrillogenesis separately, they form hetero-oligomers of specific intramolecular b-structure when combined together, and (b) the hetero-oligomers of unique structure are the most cytotoxic species and hence constitute a novel biomarker to be targeted for efficient AD immunotherapies.
Results

Structural transitions probed by circular dichroism
Structural changes in Ab pE3-42 and Ab 1-42 peptides induced by hydration were studied separately to determine their individual structural features. In addition, the peptides were examined when mixed at different molar ratios to mimic in situ peptide combinations in brain tissue. Lyophilized peptides were dissolved in hexafluoroisopropanol (HFIP) to disrupt possible preexisting aggregates [55] . It was shown earlier that Ab pE3-42 , Ab , and their combinations in HFIP assumed mixed irregular and a-helical structures, and removal of the solvent promoted a-helix formation [56, 57] . Since the Ab sequence corresponds to the mostly a-helical transmembrane domain of APP [29, 30] , dehydrated, a-helical peptide samples are a good starting point to analyze a-helix to b-sheet transition of Ab. The dynamics of structural changes upon addition of aqueous buffer to dry Ab samples were monitored by circular dichroism (CD). CD minima at 222 and 208 nm indicate a-helix and a single minimum around 216 nm indicates b-sheet structure [58] . The far-UV CD signal of Ab increased with time and displayed a welldefined minimum around 216 nm, indicating formation of b-sheet structure (Fig. 1A) . Time-dependent changes in ellipticities at 208, 216, and 222 nm showed stronger b-sheet signal at 216 nm (Fig. 1E) . CD spectra of Ab pE3-42 were weaker, evidently reflecting the increased hydrophobicity of this peptide, obstructing its efficient transfer into the aqueous phase (Fig. 1B) . Most importantly, the shape of the spectra of Ab pE3-42 suggested mixed a-helical and b-sheet structures, which was confirmed by similar intensities of the signals at 216 and 222 nm (Fig. 1F) . Data of Fig. 1 thus suggest distinct behavior of the Ab pE3-42 peptide, i.e., its resistance to bsheet formation. The structural changes in the 1 : 9 combination of Ab pE3-42 and Ab 1-42 resembled those of pure Ab (Fig. 1C,G) , and the spectra of the 1 : 1 combination displayed intermediate features (Fig. 1D,  H) . CD spectra reflect the average structure of peptides and cannot resolve the structures of two peptides in combined samples. Also, the nature of the b-sheets, e.g., intramolecular H-bonding vs. aggregated b-structures with intermolecular H-bonding, is out of reach of CD. These structural details were obtained from isotope-edited FTIR studies.
FTIR analysis of individual peptides
Dry Ab peptides are in a-helical conformation, mimicking the Ab sequence in APP, and undergo transition to b-sheet structure in aqueous buffer [56, 57] . Structural characterization of the intermediate, oligomeric assemblies, which may contribute to the peptides' cytotoxicity by membrane insertion or other mechanisms [26, 59] , is challenging because of their transient and unstable nature. Here, this challenge has been addressed using hydration from gas phase, which is much slower than hydration in bulk aqueous phase, allowing capture of the intermediate structures. Slow hydration of the peptides was achieved by pumping D 2 O-laden nitrogen gas into the sample compartment ( Fig. 2A,B In addition to the main a-helical peak, (Fig. 3A) . The absorbance intensity ratio A 1590 /A 1616 sharply increased in the first hour of hydration, then ascended more sluggishly, while the time dependence of the amide II intensity showed a steep initial decline followed by a gradual drop to a smaller but non-zero quantity (Fig. 2D ). These data provide strong evidence for a-helix to b-sheet transition caused by hydration of the peptide by D 2 O from gas phase.
Resolution enhancement procedures such as second derivative spectra reveal structural traits in more detail. A robust second derivative spectral feature around 1613 cm À1 (Fig. 3C ) indicated persistence of residual, amide-deuterated a-helix in form more flexible and solvent-exposed structures compared to the full-length peptides [62, 63] .
Combination at 1 : 9 ratio
In situ, unmodified and pyroglutamylated Ab peptides occur in combination [2, 10, 12, 17] . The relative content of Ab pE3-42 in AD brains has been evaluated to range from~10% to~50% of total Ab, depending on the stage of the disease and brain region [14] [15] [16] . Therefore, structural changes in each peptide have been studied when combined at 1 : 9 and 1 : 1 Ab pE3-42 /Ab 1-42 molar ratios. Uniformly 13 C-labeled Ab 1-42 and unlabeled Ab pE3-42 were used, which allowed for spectral resolution and structural characterization of both molecules in combined samples due to a~40 cm À1 downshift of the amide I band of the 13 C-labeled peptide. Samples of 13 C-Ab 1-42 and Ab pE3-42 deposited on opposite sides of a CaF 2 window and combined on one side of another window were prepared and FTIR spectra were measured consecutively, under similar D 2 O vapor conditions, by turning the sample holder frame back and forth by 90°about a vertical 4-fold axis ( Fig. 2A,B ratio, the dry peptides displayed a-helical conformation with amide I peaks around 1659 cm À1 and 1617 cm
À1
, respectively, in both parted and combined samples (Fig. 4A,B) . The signal intensity of 13 C-Ab was lower than expected, indicating a reduced molar extinction coefficient of the 13 C-labeled peptide in ahelical conformation.
Injection of D 2 O-saturated nitrogen gas resulted in a-helix to b-sheet transition in both peptides. In the sample of physically separated peptides, this transition was manifested by a downshift of amide I bands to 1625 cm À1 and 1585 cm À1 for Ab pE3-42 and 13 C-Ab , corresponding to Δm = 34 and 32 cm
, respectively ( Fig. 4A ; Table 1 ; in this text, wavenumber and frequency are used as equivalents, and m is used for both). As the helical signal of Ab pE3-42 shifted to lower frequencies, a peak was unmasked at 1674 cm À1 that was initially seen as a shoulder in the dry sample and was assigned to TFA in 13 C-Ab . Formation of bturn in Ab pE3-42 (see red spectrum in Fig. 2E ) could also contribute to absorbance in this region.
When the two peptides were combined together at 1 : 9 molar ratio, the a-to-b transition in 13 C-Ab was manifested as a 30 cm À1 spectral downshift from 1617 cm À1 to 1587 cm À1 ( Fig. 4B ; Table 1 unordered polypeptide chain in the absence of any through-space or through-H-bonding interactions; TDC effects in distinct secondary structures determine specific frequencies and intensities [60, 64] . The presence of ninefold molar excess of 
Combination at 1 : 1 ratio
While TDC effects clearly manifest themselves in combined 1 : 9 samples, the question remains as to whether the peptides exert mutual structural effects on each other during the initial stages of the a-to-b transition. Analysis of data on both 1 : 9 and 1 : 1 combinations of Ab pE3-42 and 13 C-Ab 1-42 provides conclusive answers. Dry peptides, deposited on opposite sides or combined on same side of a CaF 2 window at 1 : 1 molar ratio, showed two major amide I peaks at 1658 cm À1 and 1619 cm À1 (Fig. 4C,D) . Similar Δm , respectively, i.e., at 10-11 cm À1 higher frequencies compared to the split sample where the two peptides were confined to different sides of a CaF 2 window ( Fig. 3G ; Table 1 ). Significantly upshifted b-structure frequencies in both peptides combined at 1 : 1 molar ratio indicate strong TDC interactions between the unlabeled and 13 Clabeled peptides, which in turn points to formation of mixed, heterogeneous assemblies of 13 C-Ab 1-42 and Ab pE3-42 . The amide II band was partially retained, and the difference in extinction coefficients of unlabeled and 13 C-labeled peptides disappeared upon hydration and a-to-b transition in both parted and combined samples, as in 1 : 9 samples.
The data indicate that in parallel with TDC interactions, secondary structural changes occur upon intermolecular interactions between Ab pE3-42 and (Table 1 and Fig. 3G ). This indicates that derivative spectra, shown in Fig. 5 , and from quantitative data summarized in Table 1 . These data imply that both Distinct morphologies of peptide assemblies assessed by atomic force microscopy Atomic force microscopy (AFM) was used to follow the morphological changes during aggregation of Ab , Ab pE3-42 and their 9 : 1 and 1 : 1 molar combinations. At 2-h incubation in aqueous buffer, fibrils have not been detected in any of the samples, although aggregates of larger size were formed in the Ab pE3-42 sample (Fig. 6, upper row) . At 4-h incubation, protofibrils and fibrils were formed in the Ab pE3-42 and the 9 : 1 samples but not in the 1 : 1 sample (Fig. 6, middle row) . After 24 h of incubation, efficient fibrillogenesis occurred in the Ab 1-42 sample, fewer fibrils formed in the Ab pE3-42 sample, whereas the 9 : 1 and 1 : 1 combinations were dominated by globular particles, with few short fibrils in the 9 : 1 sample (Fig. 6, lower row) . Thus, the 1 : 1 Ab 1-42 /Ab pE3-42 peptide combination was the most fibrillogenesis-resistant sample.
Cytotoxicity
Cultured PC12 cells were used to test the cytotoxicities of Ab , Ab pE3-42 , and their combinations. The peptides were aggregated in aqueous buffer for defined time periods and added to the cells at 10 lM final concentration. This is a reasonable peptide concentration because total Ab content in AD brain tissue can exceed the 1-10 lM range [69] [70] [71] [72] and 1-20 lM Ab has been used in in vitro cytotoxicity assays using primary cortical neurons or neuroblastoma cells [21, 35, 50] . Upon incubation of the cells for 28 h with Ab 1-42 or Ab pE3-42 peptides aggregated for 0, 2, 4, or 24 h, cell viability was reduced by 5-7%, 27-29%, 21-23%, and 32-33%, respectively (corrected for the effect of blank buffer; Fig. 7) . The cytotoxic effects of the two peptides aggregated together at 1 : 9 or 1 : 1 molar ratios were similar to those of the individual peptides, when assayed after 28 h of incubation, although stronger cytotoxicity was observed for the 1 : 1 sample that had aggregated for 2 h before incubation with the cells.
When cell death was assayed after 50 h of incubation with peptide samples aggregated for 2 h, the strongest cytotoxic effect (64%, P < 0.05) was again elicited by the 1 : 1 Ab pE3-42 /Ab 1-42 peptide sample, followed by the 1 : 9 sample (44%) and the individual peptides (35-42%; Fig. 7 ). Ab and Ab pE3-42 peptides coaggregated for 0, 4, and 24 h elicited~10%, 38%, and~44% cytotoxicity, respectively. These data have been confirmed in three independent experiments, with triplicate measurements in each, and provide strong evidence that (a) peptide samples aggregated for 2 h are significantly more toxic than 
Discussion
The primary neurotoxicity of Ab oligomers, as opposed to monomers and fibrils, has been firmly established [4] [5] [6] [7] [8] [9] [10] [11] [12] [22] [23] [24] [25] [26] [27] 34] . However, the role of AbpE remains a subject of debate. AbpE was shown to possess increased neurotoxicity [18] [19] [20] [21] and to augment the toxicity of Ab [19] . Conversely, Ab and AbpE have been reported to exert similar toxic effects on neurons [47, 50, 51] . Conflicting data have also been reported regarding b-sheet propensities and aggregation rates of Ab and AbpE [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Moreover, although the neurotoxic effect in brain tissue is exerted by heterogeneous assemblies of multiple forms of Ab, including Ab and Ab pE3-42 [2, 10, 12, 17] , most structural and functional studies have been conducted on individual Ab species. In addition to limited and contradictory structural and toxicity data on AbpE, the structure and function of heterogeneous assemblies of Ab/AbpE have not been analyzed despite their apparent biological importance. Thus, the molecular composition and the structural features of "toxic Ab oligomers" have remained an unresolved challenge [2, 10, 12, 52] . Here, we have used a novel approach, hydration from gas phase coupled with isotope-edited FTIR, to visualize the prefibrillar, intermediate assemblies formed by Ab and Ab pE3-42 and to resolve the structures of both peptides in combination. The peptides form uncommon b-sheet oligomers stabilized by intramolecular H-bonding as opposed to intermolecular H-bonding in the fibrils. We have further identified the Ab/AbpE hetero-oligomers as the pathologic conformation that exerts unsurpassed cytotoxic effect on cultured cells. Ab/AbpE hetero-oligomers thus constitute a novel biomarker to be targeted for AD diagnostic and immunotherapy trials.
CD data showed that Ab 1-42 readily underwent a-helix to b-sheet transition upon hydration in an aqueous buffer, whereas Ab pE3-42 displayed resistance to b-sheet formation and affected the a-b transition of Ab (Fig. 1) . FTIR experiments confirmed this by identifying delayed a-b transition in Ab pE3-42 compared to Ab (Fig. 2C-F) . Isotope-edited FTIR further showed that while Ab and Ab pE3-42 individually transition from a-helix to intermolecular b-sheet structure, they form intramolecular b-structure when combined together (Fig. 4) . Strong through-space TDC effects indicate tight physical interactions between the peptides when mixed, suggesting formation of structures with alternating Ab/AbpE units. membranes and ensuing cytotoxic effects [26, 59] . This aggregation mechanism, which is supported by our FTIR and cytotoxicity data, is schematically presented in Fig. 8 .
There is strong experimental evidence that Ab or Ab pE3-42 form oligomers upon incubation in aqueous media at concentrations 10-100 lM and temperatures 25-37°C for 2 h or less, and the onset of fibrillogenesis occurs beyond the first 2 h [41, 50, 55, 56] . This is confirmed by our AFM data shown in Fig. 6 . The AFM images show the appearance of protofibrils and fibrils around 4 h of incubation of the peptides in an aqueous buffer. However, fibrils do not form in the 1 : 1 combination of the two peptides even after 24 h of incubation in aqueous buffer, consistent with the FTIR data.
Our cytotoxicity data show that equimolar assemblies of Ab and Ab pE3-42 aggregated together for 2 h are the most toxic entities as compared to the individual peptides or the samples with shorter or longer aggregation times (Fig. 7) . Peptide samples incubated in aqueous buffer for several minutes, containing mostly monomers, elicited very weak toxicity. This is consistent with the overwhelming evidence that Ab monomers are mildly toxic or nontoxic [22, 24, 25, 27] , although they cause efficient leakage of lipid vesicles [73, 74] .
FTIR data, on the other hand, identify that Ab pE3- 42 and Ab 1-42 mutually inhibit fibrillogenesis and promote formation of hetero-oligomers of intramolecular H-bonding. These findings offer a molecular explanation of elevated Ab neurotoxicity with increasing fractions of AbpE: AbpE is toxic itself but needs to act in combination with the unmodified peptide to achieve maximum toxicity. The structural basis of this synergistic action is the formation of hetero-oligomers of intramolecular H-bonding described in this work. These results provide a novel concept of Ab neurotoxicity: the major cytotoxic species are Ab/AbpE hetero-oligomers, not just Ab or AbpE oligomers. These findings also suggest that, contrary to the current paradigm, AbpE exerts a hypertoxic effect by retarding fibril formation by Ab and facilitating the formation of highly toxic hybrid oligomers. The focus of basic and clinical studies, including immunotherapy trials, should be shifted from individual Ab species to heterooligomers, including the hypertoxic Ab/AbpE assemblies, as they are the most toxic species which is supported by a unique structure elucidated in this work. Targeting Ab/AbpE hetero-oligomers as a novel biomarker may lead to better diagnostic strategies and immunotherapies to battle AD.
Experimental procedures
Synthetic Ab pE3-42 peptide was purchased from Innovagen (Lund, Sweden) and was 98% pure. Recombinantly expressed, uniformly 13 C-labeled Ab 1À42 peptide was from rPeptide (Bogart, GA, USA) and was > 97% pure. The peptides were analyzed by MALDITOF mass spectrometry at the ICBR Proteomics Core Facility of the University of Florida (Gainesville, FL, USA), and their amino acid compositions were confirmed. Salts, buffers, HFIP, and most of the other chemicals were from Fisher Scientific (Hanover Park, IL, USA) or Sigma-Aldrich (St. Louis, MO, USA). Cytotoxicity supplies were from Promega (Madison, WI, The lyophilized peptides were dissolved in HFIP at 50 lM concentration to break up pre-existing aggregates [55] and dried by desiccation before addition of an aqueous buffer. CD spectra were measured on a J-810 spectropolarimeter (Jasco, Tokyo, Japan) at 25°C, using a 4 mm 9 4 mm rectangular quartz cuvette, as described [57] .
FTIR spectra of peptides dried on CaF 2 windows were measured before exposure to D 2 O vapor at 2 cm À1 nominal resolution at 25°C, using a Vector-22 FTIR spectrometer (Bruker Optics, Billerica, MA, USA) equipped with a liquid nitrogen-cooled Hg-Cd-Te detector. The peptide samples were then exposed to a constant flow of nitrogen gas that was passed through simmering D 2 O. Two supply lines of D 2 O-laden gas were used, each passing through two flasks ( Fig. 2A,B) . To ensure similar levels of D 2 O vapor at given time points, two sample holders, one with 13 C-Ab 1-42 and the other with Ab pE3-42 , were mounted at 90°on a rotatable frame and consecutive FTIR spectra of the two samples were measured while turning the frame about its central vertical axis back and forth by 90°. To measure the mutual structural effects of the peptides when blended at defined molar ratios, HFIP solutions of the two peptides were mixed, deposited on a CaF 2 window and dried. As a control sample, equal amounts of each peptide were dried on opposite sides of another CaF 2 window. The two windows were mounded at 90°, as described above, and consecutive FTIR spectra of combined and separated peptides were recorded while pumping D 2 O-saturated nitrogen into the sample compartment. Structural changes in each peptide in combined and separated samples during hydration from gas phase were resolved due to a~40 cm À1 spectral downshift of the amide I band of 13 C-Ab 1À42 . Comparison of the spectra of the combined sample with that of the separated peptides allowed identification of the structural consequences in each peptide upon physical interaction with the other. The reference spectra were measured under similar conditions, using a bare CaF 2 window. To enhance the quality of the amide I bands, the absorbance spectra of H 2 O and D 2 O vapors were measured separately and subtracted from the sample spectra when necessary.
In AFM experiments, 10 lL of peptide samples, incubated in phosphate-buffered saline (PBS) at 37°C for various time periods with constant stirring, were deposited on freshly cleaved mica slides and dried in a desiccator. PBScaused salt deposits were rinsed away with 100 lL deionized water, followed by desiccation. This procedure was repeated until all buffer and salt were removed for optimal imaging. AFM images were acquired in ambient atmosphere using a Multimode SPM instrument (Multimode SPM, NanoScope IIIA; Veeco Instruments, Inc., Town of Oyster Bay, NY, USA) in tapping mode. The cantilevers utilized for imaging were aluminum-coated lmasch tips made of n-type silicon, had an associated force constant within 1.1-5.6 NÁm À1 and a resonance frequency range of 60-100 kHz. For imaging, the cantilever was operated at a resonance frequency of 70 kHz with driving amplitude of 459 mV. The scan rate was held constant at 1.0 Hz. Analysis of images was accomplished using the NANOSCOPE ANALYSIS software (NanoScope Analysis version 1.80) from Bruker Corporation. Cytotoxicity assays were performed using PC12 cells grown in RPMI 1640 medium supplemented with 10% fetal bovine serum, 50-unitsÁmL À1 penicillin, and 50 lgÁmL streptomycin. Cells were seeded in 96-well plates in triplicate samples (10 000 cellsÁwell À1 ) in 100 lL medium for 18 h, then the medium was removed by aspiration and 100 lL of Ab samples, stirred in PBS at 37°C for 0, 2, 4, and 24 h and diluted into RPMI 1640 to a final concentration of 10 lM, were added followed by incubation at 37°C for 28 or 50 h. (The "zero-hour" sample was stirred in the aqueous medium for several minutes). Cell viability was determined using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay kit. Briefly, 20 lL of MTS tetrazolium substrate solution was added to the wells at 28 and 50 h followed by further incubation at 37°C for 3 more hours. Cell viability was assayed by measuring the absorbance at 490 nm for triplicate samples. The readings were corrected by subtracting the absorbance values of the negative controls, i.e., the cell-free media. Data were normalized and converted to percentages of the values obtained on untreated cells. Statistical analysis was conducted using the Student's t-test.
